Electronic excitations in nominally undoped GaN have been investigated by Raman scattering. Peaks in the range between 18.5 and 30 meV have been assigned to internal shallow donor transitions in cubic and hexagonal GaN, respectively. The photon energy dependence of the scattering efficiencies in the cubic phase is explained by Raman scattering in resonance with the so-called ''yellow'' luminescence transitions. This interpretation supports models for the notorious yellow luminescence in which shallow donors are involved. These shallow donors most likely do not originate from native point defects.
Wide-band-gap III-V nitrides are of increasing interest due to their potential applications in short-wavelength optical devices or high power and high frequency electronic devices.
1 Despite the considerable technological progress recently achieved, 2 some fundamental properties of GaN are still not well understood. One important question is the origin of the n-type conductivity in undoped GaN.
1 Epitaxial layers grown by molecular beam epitaxy ͑MBE͒ or metalorganic chemical vapor deposition ͑MOCVD͒ exhibit free electron concentrations on the order of 10 17 -10 18 cm
Ϫ2
. 3, 4 Native defects, particularly the nitrogen vacancy, have been discussed as dominant donors. 5,-8 Another characteristic feature which still lacks for explanation is the notorious yellow luminescence, 9 in order to identify lifetime killers which suppress the intrinsic luminescence. Two models have been proposed which differ in the point of whether 9, 10 or not 11 a shallow donor is involved in the yellow luminescence transitions. Using Raman spectroscopy we have investigated internal electronic transitions of donors in GaN grown by plasmaassisted molecular beam epitaxy ͑MBE͒. The spectral shape and position are compared for the cubic and hexagonal phase of GaN. From the dependence of the Raman scattering efficiency on the incident photon energy a correlation with the yellow luminescence band is demonstrated.
The GaN samples were grown by solid-source MBE on GaAs͑001͒ substrates, employing a dc plasma discharge N 2 source. The growth details are described in Ref. 12 . The samples studied here consist of GaN crystals on the surface of a 1 m thick GaN layer. These crystals, having sizes in the micron range, exhibit smooth facets characteristic for either zinc-blende ͑cubic͒ or wurtzite ͑hexagonal͒ structure and are single crystals. 12 The Raman measurements were carried out in backscattering from the epilayer surface with the sample temperature controlled by a continuous-flow cryostat. The scattered light was analyzed by a DILOR triple spectrograph equipped with a cooled CCD detector array. Parts of the experiments were performed with a microscope setup reducing the effective probe area to about 2 m 2 . The optical excitation energy was varied between 1.92 or 3.00 eV using Kr ϩ and Ar ϩ ion lasers. Depolarized and polarized Raman spectra were recorded in the z(x,y)z and the z(y,y)z scattering configurations, where x, y, z, and z denote ͓100͔, ͓010͔, ͓001͔, and ͓001͔ crystallographic directions of the GaAs substrate. The micro-Raman spectra were measured without polarization analyzer. Thereby, the polarization-dependent throughput of the spectrograph led to predominantly polarized or depolarized spectra. Cathodoluminescence ͑CL͒ measurements were carried out in a scanning electron microscope equipped with an Oxford Mono-CL cooling stage system. A beam energy of 5 keV and a current in the range of 1-60 nA were used. The CL light was dispersed in a grating monochromator and detected by a cooled photomultiplier operating in the photon counting mode. Figure 1 displays polarized low-temperature microRaman spectra of a GaN-on-GaAs sample excited at 2.41 eV. The spectra correspond to locations on the sample surface with relatively large ͓Fig. 1͑a͔͒ and small ͓Fig. contributions of hexagonal crystals, respectively. This fact is reflected by the different intensities of the E 2 ͑high͒ phonon mode at 70.5 meV which is specific for the hexagonal modification. 13, 14 Scattering by transverse optical ͑TO͒ phonons from cubic GaN is observed at 68.8 meV in both spectra. The longitudinal optical ͑LO͒ phonon and TO phonon lines of the GaAs substrate are detected at 36.5 and 33.3 meV, respectively. The appearance of the nominally symmetry forbidden TO and LO phonon lines from cubic material 14 is partly due to the not perfectly analyzed polarization of the micro-Raman spectra. Besides the GaN and GaAs phonon lines, additional peaks are resolved in the range between 18.5 and 30.0 meV. Two peaks A and B at 23.4 and 29.4 meV are observed with similar intensity in both spectra. With increasing contribution of the hexagonal phase, two narrower peaks A* and B* at 18.7 and 26.9 meV become more pronounced ͓Fig. 1͑a͔͒. Therefore, we attribute peaks A and B to excitations in cubic GaN and peaks A* and B* to excitations in hexagonal GaN. In contrast to the LO and TO phonon lines, the peaks A, A*, B, and B* appear predominantly in polarized spectra for different sample orientations. Because of the similar energy downshifts found for peaks A* and B* with respect to peaks A and B, we tentatively attribute peaks A* and B* to the hexagonal counterparts of peaks A and B, respectively.
The intensity of peaks A and B is shown in Fig. 2 as a function of the inverse sample temperature. The signal decreases with increasing temperature and is close to our detection limit at room temperature for both peaks. Since for vibrational Raman scattering at nonresonant excitation there is no reason for such a temperature behavior, we assign peaks A and B to electronic excitations. Assuming that the corresponding Raman scattering probabilities are controlled by the temperature-dependent population of an electronic level, the peak intensities can be written as 15, 16 
where C is a constant and E D the energy for thermal ionization of the electronic level. As demonstrated by the dasheddotted ͑peak A͒ and solid ͑peak B͒ lines in Fig. 2 , Eq. ͑1͒ fits the measured intensities when assuming an ionization energy of E D ϭ32 meV which is close to the expected binding energy of shallow donors in cubic GaN. 1 Supposing now E D to be the donor binding energy, the effective mass theory energy levels are given by E n ϭE D /n 2 (nϭ1,2,...͒. 17 Due to the complementary selection rules we expect the observation of 1S→nS donor transitions in Raman spectra whereas 1S→nP transitions dominate in optical absorption spectra. 18 However, for hydrogenlike donors in the direct band-gap material GaN, 1S→nS transitions should be degenerate with 1S→nP transitions. The expected internal transition energies at 3E D /4ϭ24.0 meV ͑1→2͒ and 8E D /9ϭ28.4 meV ͑1→3͒ in fact coincide with the observed energies of peaks A ͑23.4 meV͒ and B ͑29.4 meV͒. Consequently, we attribute these peaks to internal 1→2 and 1→3 door transitions in cubic GaN. The observation that the electronic excitations are predominantly observed in polarized Raman spectra is in accordance with our assignments. 18 The relatively large width of peaks A and B leads us to the assumption that the donor concentration in the cubic material is rather high, leading to bands of shallow donor levels. 19 Since the investigated samples contain only a small portion of hexagonal GaN crystals with a spatially inhomogeneous distribution, 12 it was not possible to measure the temperature dependence of peaks A* and B* with sufficient accuracy in order to extract an thermal ionization energy. Nevertheless, a similar temperature behavior as found for peaks A and B ͑see Fig. 2͒ with a strong decrease for higher temperatures was also observed for peaks A* and B*. This finding supports our assignment for peaks A* and B* in being the hexagonal counterparts of peaks A and B. However, the consistency with purely hydrogenlike internal 1→2 and 1→3 donor transitions is not as perfect as for peaks A and B. The above assignment implies a donor binding energy for the hexagonal phase of about 27.5 meV which is smaller than that found for the cubic phase ͑32 meV͒. This result is not the expected one since the effective mass, and therefore the shallow donor binding energy, is assumed to be larger for the hexagonal phase.
1,17 A line at 26.7 meV, corresponding to our peak B*, has already been observed by Fourier transform absorption spectroscopy from hexagonal GaN. 20 This absorption line was attributed to the 1→2 shallow donor transition with a corresponding binding energy of 35.5 meV which is then somewhat larger than the binding energy we found for cubic GaN. Following this assignment for peak B*, we could alternatively explain the origin of peak A* at 18.7 meV by an internal electronic transition of another point defect in hexagonal GaN.
The dependence of the Raman scattering intensities on the incident photon energy is shown in Fig. 3͑a͒ . For both peaks A and B, a maximum of the scattering probability is found at about 2.35 eV. This energy is very close to the yellow luminescence position in CL spectra of the investigated sample, as displayed in Fig. 3͑b͒ . Due to this coincidence, we explain the observed photon energy dependence by Raman scattering in resonance 18 with transitions involved in the recombination process of the yellow luminescence band. Since shallow donor levels are involved in the Raman scattering process, our finding supports the yellow luminescence model where transitions between a shallow donor or the conduction band to a deep localized state are proposed. 9, 10 An incoming or outgoing Raman scattering resonance is reached if the photon energy of the incident or scattered light matches such a yellow luminescence transition energy. As illustrated in Fig. 4 , both resonance conditions can be realized at the same time if a band formation of the shallow donor levels takes place. The first step of the Raman scattering process is then explained by the excitation of an electron from the occupied deep level state to an excited shallow donor state (2S or 3S). In the final step an electron from the donor ground state (1S) recombines with the empty deep level state. Relating the Raman resonance profile to absorption transitions, the large Stokes shift between absorption and emission proposed in Ref. 9 for yellow luminescence transitions is not confirmed by our findings ͑see Fig. 3͒ .
For the Raman process discussed above a spatial overlap between the contributing deep level and shallow donor states is necessary. Therefore, the corresponding defect concentrations must be rather large in order to make the Raman resonance observable. Concerning the chemical nature, native point defects, e.g., the N vacancy, seem not to be the most probable candidates because we observe peaks A and B in GaN layers grown under both Ga-and N-rich conditions. We have obtained results indicating that the oxygen impurity is responsible for the n-type conductivity in our samples. 21 Consequently, the observed peaks A and B could be attributed to internal transitions of shallow oxygen donors.
In conclusion, we resolved internal shallow donor transitions in electronic Raman scattering spectra of nominally undoped cubic and hexagonal GaN. For the Raman scattering efficiencies of the donor excitations in the cubic phase, a resonance has been found which is connected to yellow luminescence transitions. Native point defects are found to be unlikely as candidates for the origin of the observed dominant shallow donors.
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